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Lysosomal enzymes, in common with other glycoproteins, have the capacity to bind to specific receptors If transplanted cells are to be effective for replacement present on the plasma membranes of many types of cell therapy, the enzymes they produce must be capable of (Neufeld & Ashwell, 1980) and can thus be taken up rapidly. reaching the lysosomes within a wide range of deficient Different types of cell express different surface receptors. target cells. This exchange of enzymes can take place by two Hepatocytes, for example, have receptors for galactose 605th MEETING, STRATHCLYDE (Pricer & Ashwell, 1971) as well as fucose (Prieels et al., 1978) , fibroblasts recognize mannose 6-phosphate (Kaplan et al., 1977) , while alveolar macrophages selectively bind mannose and N-acetylglucosamine (Stahl et al., 1978) . Further heterogeneity is introduced by the observation that the same enzyme isolated from different tissues may be taken up into cells at greatly differing rates. For example, the P-glucuronidase from human platelets is taken up into deficient human fibroblasts at a rate more than 10 times that of similar preparations from human urine, placenta or liver (Brot et al., 1974) . Again, P-glucuronidase and Nacetylhexosaminidase isolated from rat-liver lysosomes are cleared from the circulation much more rapidly than the corresponding enzymes prepared from serum (Stahl et al., 1976) . In order, therefore, to determine the potential usefulness of cells such as fibroblasts and lymphocytes as transplanted enzyme donors, their ability to transfer a typical lysosomal enzyme, P-glucuronidase, to other types of cell was investigated. Initial experiments showed that cultured mouse 3T3 fibroblasts spontaneously secreted large amounts of lysosoma1 enzymes (Diment & Dean, 1983) and that P-glucuronidase purified from medium in which these cells had been cultured was rapidly taken up into mouse A9 fibroblasts.
Uptake was not, however, species specific, since Pglucuronidase-deficient human fibroblasts, cell line GM151, from a patient with mucopolysaccharidosis type VII, were able to endocytose this enzyme equally rapidly (Diment & Dean, 1983) . Rate of uptake into GMl5l fibroblasts increased rapidly with increasing concentration of enzyme, up to a maximum of 100 units/ml of added Pglucuronidase, above which concentration saturation of surface receptors occurred. Further increases in concentration of added enzyme produced no further increase in uptake.
Uptake of samples from the same preparation of secreted /?-glucuronidase into mouse peritoneal macrophages was equally rapid, up to a concentration of 400 units/ml, above which the receptors became saturated. In contrast, the rate of uptake of horseradish peroxidase, which enters cells by non-specific fluid-phase pinocytosis (Steinman & Cohn, 1972) , continued to increase with increasing concentration in a non-saturable manner, with uptake being 150-fold lower than that of the /?-glucuronidase secreted by 3T3 fibroblasts. Uptake of peroxidase into fibroblasts, which do not pinocytose as rapidly as macrophages, was 700-fold lower than endocytosis of /?-glucuronidase. The maximum rates of uptake of fibroblast /?-glucuronidase into both macrophages and GM151 fibroblasts, together with their K uptake values (concentration of enzyme equivalent to half maximal rate of uptake) are given in Table 1 .
Since the receptors that mediate endocytosis into fibroblasts recognize ligands bearing mannose 6-phosphate (Kaplan et al., 1977) while those on macrophages recognize mannose or N-acetylglucosamine (Stahl et al., 1978) , the effect of a range of sugar phosphates and mannosyl glycosides on inhibiting uptake into both types of cell was tested. Mannose 6-phosphate and fructose 1-phosphate at concentrations of 5 mM inhibited uptake into fibroblasts by 99% and 95% respectively, while glucose 6-phosphate at the same concentration had little effect (Diment & Dean, 1983) . This pattern of inhibition is characteristic of receptors for mannose 6-phosphate (Kaplan et al., 1977; Sando & Neufeld, 1977) . Mannose or fructose alone had no inhibitory effect on uptake into fibroblasts even at a concentration of 5 0 m~, although mannose at this concentration did inhibit uptake into macrophages by almost 50%. Methyl amannoside at an equivalent concentration inhibited uptake into macrophages by more than 60% as did 500,ug of yeast mannan/ml, although neither compound inhibited uptake into fibroblasts by a measurable amount. This pattern was characteristic of that described by Stahl et al. (1978) for inhibition of endocytosis of P-glucuronidase into macrophages via mannose/N-acetylglucosamine receptors. Further confirmation that the P-glucuronidase secreted by 3T3 fibroblasts was taken up into fibroblasts via mannose 6-phosphate receptors and into macrophages via mannose receptors was provided by uptake experiments using dephosphorylated b-glucuronidase. After treatment with alkaline phosphatase the rate of endocytosis into fibroblasts was reduced by 95% while uptake into macrophages increased by more than 50% (Diment & Dean, 1983) .
Depletion experiments showed that about 45% of the Pglucuronidase secreted by 3T3 fibroblasts was taken up rapidly into macrophages by specific endocytosis with an equivalent proportion being taken up into GM151 fibroblasts. The remaining population of molecules, comprising more than 50% of the total, was not recognized as a highuptake form by either type of cell. In order to determine whether the same population of enzyme molecules was a high-uptake ligand for each type of cell, or whether two different populations were taken up separately, further depletion experiments were carried out. P-Glucuronidase was added to three successive batches of GM 151 fibroblasts and left in contact with each batch for 48 h. After 6 days the remaining medium, which contained 52% of the original activity, was refreshed by dialysis against fresh medium and aliquots added to further plates of cells. The rate of endocytosis of this 'exhausted' fi-glucuronidase into both fibroblasts and macrophages was greatly reduced, being only 37% and 38% respectively of that or the original starting preparation and indicating that the same population of enzyme molecules recognized as 'high uptake' and removed from the medium by fibroblasts was similarly recognized as 'high uptake' by macrophages.
The rate of endocytosis of 1251-labelled fibroblast Pglucuronidase was compared with that of '251-labelled polyvinylpyrrolidone in a wide variety of cell types. Each type of cell tested with the exception of lymphocytes took up /?-glucuronidase at a much more rapid rate than the polyvinylpyrrolidone (see Table 2 ), suggesting that the P-glucuronidase secreted by fibroblasts entered all of these cells by specific receptor-mediated endocytosis. Mouse-spleen lymphocytes in contrast to other types of cell did not take up the P-glucuronidase secreted by 3T3 cells and therefore appear to lack surface receptors which recognize mannose or mannose 6-phosphate. Similarly, the enzyme present in, or secreted by, lymphocytes was not taken up by receptor-mediated endocytosis into GM 151 fibroblasts (Olsen et al., 1982) . Nevertheless, when GM 15 1 fibroblasts were co-cultured in the same dishes with lymphocytes large numbers of lymphocytes adhered firmly to them and at the same time the fibroblasts acquired high levels of P-glucuronidase activity (Olsen et al., 1982) . Acquisition of activity was time dependent, reaching a maximum after 24 h of co-culture, and concentration . 1982) . Direct transfer was markedly inhibited by cycloheximide, puromycin and carbonyl cyanide rn-chlorophenylhydrazone, all of which had little effect on receptormediated endocytosis. In contrast, the marked inhibition of endocytosis induced by mannose 6-phosphate was completely absent during direct cell transfer.
The precise mechanism by which fibroblasts acquire pglucuronidase during direct contact is still uncertain. It is possible that factors produced by lymphocytes might have stimulated synthesis of endogenous p-glucuronidase or that a messenger R N A or even DNA might be transferred from the lymphocytes. p-Glucuronidase is a tetramer of four identical subunits (Tomino et al., 1975) and somatic cell hybrids resulting from fusion of human and mouse fibroblasts produced a series of heteropolymers following association between subunits of mouse and human pglucuronidases (Chern, 1977) . If either of the above explanations were correct, the enzyme acquired by GMl51 fibroblasts following interaction would have the characteristics either of human /?-glucuronidase or of mouse/human hybrids. Chromatography of the acquired enzyme on DEAE-cellulose or electrophoresis on polyacrylamide gel, however, showed that there were no heteropolymers and that all of the acquired enzyme activity had a mobility characteristic of the donor cell enzyme . Furthermore, when donor lymphocytes were pre-labelled with thymidine or uridine there was little or no transfer of polymeric DNA or RNA to fibroblasts during co-culture (M. F. Dean, & B. Jenne, unpublished work) . The most probable explanation, therefore, is that complete molecules of lymphocyte j3-glucuronidase were transferred directly to recipient fibroblasts. Support for this supposition was provided by the fact that when lymphocytes from strains of mice that synthesize either heat-stable or heat-labile forms of p-glucuronidase (Paigen, 1961) were used for co-culture experiments, the enzyme acquired by recipient fibroblasts displayed thermal stability characteristics identical to those of the donor lymphocytes . Furthermore, when rabbit lymphocytes were used as donor cells, the p-glucuronidase extracted from the recipient fibroblasts was precipitated by a specific antirabbit p-glucuronidase antiserum ,showing that the transferred enzyme retained the antigenic determinants characteristic of the donor cells. None of the pglucuronidase in extracts made from normal human fibroblasts were precipitated with this anti-rabbit antiserum although it was precipitated by a second anti-human pglucuronidase antiserum (Dean et al., 1982) .
Thus, although lymphocytes do not take up fibroblast pglucuronidase by receptor-mediated endocytosis, nor secrete enzyme which is recognized as a high-uptake form by fibroblasts, they can donate enzyme directly during cell-tocell contact. Lymphocytes do therefore have a potential value as donor cells for replacement therapy. Fibroblasts in contrast are able to secrete a lysosomal enzyme which is taken up by receptor-mediated endocytosis into a wide variety of cell types, including other fibroblasts, chondrocytes, reticuloendothelial cells and cells of the central nervous system. They thus have a wide potential as donor cells for the treatment of systemic lysosomal deficiency diseases.
